In many cell types, calcium is released from internal stores through calcium release channels upon external stimulation (e.g., pressure or receptor binding). These channels are clustered with a typical cluster size of about 20 channels, generating stochastic calcium puffs. We find that the clustering of the release channels in small clusters increases the sensitivity of the calcium response, allowing for coherent calcium responses at signals to which homogeneously distributed channels would not respond. Observations of signals of differing magnitudes first suggested a hierarchy of calcium signaling events, with smaller blips representing fundamental events involving opening of single IP 3 R and the larger sparks or puffs being elementary events resulting from the opening of small groups of IP 3 Rs [9, 10] . Improved spatial and temporal resolution recordings, however, have revealed that there is not a clear distinction between fundamental and elementary events [9, 11] . It is suggested that the localized calcium release varies in a continuous fashion due to stochastic variation in both numbers of channels recruited and durations of channel openings.
wave formation have been explored in [5] and [6] . In this Letter, we show that the clustering of the release channels can resonantly enhance the sensitivity of the calcium signaling pathway by exploiting internal fluctuations.
Most of the Ca 21 that constitutes the signal is released from intracellular stores such as the endoplasmic reticulum (ER) into the intracellular space through the Inositol 1,4,5-Trisphosphate ͑IP 3 ͒ receptor. The IP 3 receptor ͑IP 3 R͒ is modeled [7] by three identical subunits that each have three binding sites: one for the messenger molecule IP 3 (m gate), one activating site (n gate) for Ca 21 , and one inactivating site (h gate) for Ca 21 . In order for a subunit to be conducting [9, 10] . Improved spatial and temporal resolution recordings, however, have revealed that there is not a clear distinction between fundamental and elementary events [9, 11] . It is suggested that the localized calcium release varies in a continuous fashion due to stochastic variation in both numbers of channels recruited and durations of channel openings.
In this Letter we focus on the Ca 21 release from a single cluster of IP 3 Rs which can be considered the fundamental biophysical process in generating the Ca 21 signal. We are particularly interested in the periodicity with which the cluster of IP 3 Rs releases Ca 21 since this periodicity constitutes the actual Ca 21 signal. The key result of this Letter is that there exists an optimal number of IP 3 Rs constituting a cluster at which the periodicity of the stochastic Ca 21 signal is maximized. Our study is based on the Li-Rinzel model [12] , a two-variable simplification of the De Young-Keizer model [7] where the fast variables m, n have been replaced by their quasiequilibrium values mà nd n`. According to this model, the calcium flux from the ER to the intracellular space is driven by the Ca 21 gradient; i.e.,
with 
The other parameters are m` 
where N and N h-open indicate the total number of IP 3 Rs and the number of h-open receptors in the cluster, respectively. Equations (1)-(6) represent the deterministic limit of the stochastic scheme with Eqs. (1), (4) - (7) for a large number N of channels. The release of Ca 21 in the stochastic Li-Rinzel model is a collective event of a number of globally coupled channels (via the common Ca 21 concentrations) with stochastic opening and closing dynamics.
Several methods to simulate such a kinetic scheme have been put forward (see, e.g., Ref. [13] ). Here we simulate explicitly each gate by the two-state Markov process with opening and closing rates a h and b h , respectively [14] . The differential equation (1) together with the Markov scheme for the h gates is iterated using an explicit first order scheme with a time step of 0.01 s, which is small against the time constant
In the deterministic limit (i.e., N !`), the two-variable Li-Rinzel model has one stable fixed point for ͓IP 3 (Fig. 1a) . Under normal conditions ͓IP 3 ͔ is below the critical value 0.354 mM and the deterministic model with a fixed point does not permit calcium signaling. In Fig. 1b , traces of a Ca 21 signal released from a cluster with 20 IP 3 Rs are shown for three values of ͓IP 3 ͔ in the three deterministically distinguished regimes I, II, III (see Fig. 1a ). The Ca 21 signals consists of stochastic sequences of Ca 21 release events (calcium puffs) in all three regimes (I, II, III) with a continuum of amplitudes and durations. The regimes I, II, and III are not well distinguishable for these small clusters. Most importantly for the purpose of this Letter, the Ca 21 puffs for ͓IP 3 ͔ , 0.354 mM constitute a Ca 21 signal with a frequency content. To determine the degree of periodicity of the Ca 21 released from a cluster, we compute the normalized power spectrum
where the length of the observation interval T is 5000 s for all data presented in this Letter. To reduce statistical fluctuations due to the finite time interval of recording, we divide the frequency axes into bins and average the power spectrum S͑v͒ in each bin over 300 runs. In Fig. 2 , we show the normalized power spectra S͑v͒ at various sizes N of the release cluster. For very small clusters (e.g., N 2 in Fig. 2a ) and very large clusters (e.g., N 10 000 in Fig. 2c ), the power spectrum does not exhibit a peak and thus the release of Ca 21 is dominated by stochastic events. In between, however, a peak in the power spectrum (Fig. 2b) indicates periodicity in calcium release. The strength of the peak is characterized by the elevation of the peak DS which is shown in Figs. 3a and 3b as a function of the size of the cluster N for ͓IP 3 ͔ 0.25 mM and 0.3 mM, respectively. For ͓IP 3 ͔ 0.25 mM, the elevation of the power spectrum goes through a maximum at N ഠ 20, while at ͓IP 3 ͔ 0.3 mM the maximum is at about N 150. Typical recorded values of ͓IP 3 ͔ range between 0.15 0.25 mM. In this context it is interesting to note that the coherence for ͓IP 3 ͔ 0.25 mM peaks at N 20 which is considered a realistic cluster size (see also [15] ).
To summarize, the overall coherence of the Ca 21 signal exhibits a maximum at a cluster size that depends on the concentration of IP 3 . For IP 3 concentrations closer to the Hopf bifurcation the maximum coherence is achieved for larger clusters of IP 3 Rs and vice versa (compare Figs. 3a  and 3b) . We now connect these observed phenomena with the coherence resonance phenomenon [16] . Here, models of excitable dynamics such as the Fitzhough-Nagumo strength characterized by the variance of the Ca 21 signal is shown as a function of the size of the release cluster for ͓IP 3 ͔ 0.3 mM in Fig. 4a. In Fig. 4b , the coherence of the Ca 21 release is shown as a function of the internal noise strength. The figure shows a peak, consistent with coherence resonance but with internal noise. Thus coherence 
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resonance is an intrinsic feature of the basic biophysical calcium release mechanism of a living cell. 
For a large number N , this master equation can be approximated by a Fokker-Planck equation [18] which in turn is equivalent to the Langevin equations for the fraction of activated sites h i n i ͞N [17, 19] :
where G hi ͑t͒ are zero mean, uncorrelated, Gaussian whitenoise sources with
Since h i have to be bound between 0 and 1, we disregard an iteration step that leads to a h i value outside this interval. The stochastic equation for ͓Ca 21 ͔ flux through the IP 3 R is given by 21 ͔͘ due to this approximation at N 15 is less than 5%, but the gain in computational speed is a factor of 3. In Figs. 3 and 4 we compare results obtained from the single-Langevin equation approach with those obtained from fully kinetic simulations. The Langevin approach produces accurate results at large N (for which it is designed) but yields only qualitative agreement for realistic cluster sizes of N ഠ 20.
In conclusion, we have studied a simple model for calcium release from intracellular pools into the cytosol through clustered IP 3 R channels. The small size of the release clusters causes the calcium release to be of stochastic nature. We have studied the coherence of the stochastic calcium signal as a function of the cluster size. At low levels of the signaling molecule IP 3 (normal physiologic condition), the coherence assumes a maximum at a certain size of the cluster, indicating optimal signaling. This calcium signal could be used for signaling and regulating other cell functions at a level of ͓IP 3 ͔ at which the deterministic models do not permit signaling. Thus it is the clustering of the calcium release channels that facilitates calcium signaling at low levels of ͓IP 3 ͔ usually present in weakly stimulated systems (e.g., by a few molecules of agonist binding, weak mechanical pressure). We have shown that this biophysical phenomenon is a form of coherence resonance [16] , where the noise strength is determined by the size of the release cluster.
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